COPY NO.

REFURBISHMENT COST STUDY OF
THE THERMAL PROTECTION SYSTEM

OF A SPACE SHUTTLE VEHICLE
FINAL REPORT - PHASE I

NASA CR-112034 BY D.W. HAAS 1 APRIL 1972

PREPARED UNDER CONTRACT NO. NAS1-10990
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST
ST. LOUIS, MO.
FOR
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY =EAST

Saint Louis, Missouri 63166 (314) 232-0232

/

MCDONNELL DOUGL@_

CORPORATION



A

<t

e




Section

SUMMARY

CONTENTS

. . ° . . . . . . . . . . . - - . . ° . . . . . . . . e . .

INTRODUCTION

PHASE I OVERVIEW

. . - . . . - - . . . . . . . . . . . . . . . .

PHASE I1I PROGRAM

Objectives and Scope
TPS Concepts

. ° e e . . . . . . e . . . . . . - . - . . - . . .
® ® s+ e & e s 8 s s e+ e s e e s e s »

Ablator P1-Strap Attach Concept
Ablator Multiple Fastener Attach Concept
HCF Key/Keyway Attach Concept
HCF Direct Bond Attach Concept

. . . - . . . . . -

TEST PROGRAM

General Mociup Coofigoration .
TIPS Configuration Design .

. . . . e . - . . . . . . . . . . .

. . . . . . - - . . . . . . .

TPS Panel Installation Assembly (64T020001)
TPS Panel Support Assembly (64T020002), . . . .
Ablator Panel Assembly - Pi-Strap Attach (64T020003)

HCF Panel Assembly - Key/Keyway Attach (64T020004) . .
Ablator Panel Assembly - Multiple Fastener Attach (64T020007)

HCF Repair Panel Assembly (64T020008) . . . . . . . . . . . .
Simulated Panel Edge Members (64T020009). . . .
Ablator Panel Assembly Modification (64T020010)
Final Display Installation (64T020011). . .
Fabrication . . . . . . . . v ¢ v v v e e e e e e e

Ablator Assemblies . . e e e e e e e e
Preliminary Heat Shield Fabrlcatlon Evaluation .
Full-Scale Support Panel Fabrication . . .

Full-Scale Ablator Heat Shield Fabrication . . . . .
Pi-Strap Fabrication . . . . . . « « v « « . .
Ablator Plug Fabrication . . . . . . . . . . .
Related Ablator Processing . . e e e e
Hardened Compacted Fibers (HCF) Assemblles . . .
Fabrication/Assembly of Key/Keyway and Direct Bond-On
TPS Assembly . . . . . e e e e e e e e e e e e e

Related HCF Processing . . . . . . . .

Conduct of Test . . . . . . . . .. : . .
Test Documents . . . & & v ¢ & & o o o o .
Test Personnel . . . . . . . . . . . e e e e e
Monitoring Equipment . . . . . . . . . . . . . .04,
Test Setup . . . . . . . o e e e e e e e e e e e e
Test Objectives . . . . v v v v v v v v v v e e e e e e e
Testing . . . . . . . . . . .. .

Test

Data Results, , . . . ..
Ablator Multiple Mechanlcal Fastener Attach Concept
Ablator Pi-Strap Attach Concept . . . . . .
HCF Key/Keyway Attach Concept . . . . . . .

iii

10
10
12
12
14
16
18

18
19
21
23
24
24
31
41
43
43
46
46
50
50
50
56
61
73
77
80
81

91
95
104
104
104

107
. 107

109

. 109
. 110

113
122

. 130



Section Page N

HCF Direct Bond Attach Concept , . e e . . 141
Ablator Key/Keyway Attach Concept (Extrapolated Test Data) . . . 143
Inspection . . . v e e e e e B /5

REFURBISHMENT ANALYSIS . . « . . . O 2 X ,

Refurbishment Labor and Performance Requlrements e+ & s s s o o . . 153 ?

Scheduled Removal and Replacement . . « « « « « ¢« « « « &+ « o o« 153 X

Unscheduled Removal and Replacement . . . N 5. %)
Scheduled/Unscheduled Removal and Replacement Conclusions

and CompariSONS .« « + « « o o s + o o s e e e e s e e . o o . 164

Repair . . . « . . . S T T S v [

Inspection (Quality Assurance) e 0

Maintenance TechniquUes « « « « « = « « o o o o o o« o o o s « « o o » 173

Ablator ProceduUfe . + « « o« « o ¢ o o o o o s 4 o o o e o« . o 173

HCF ProceduXesS . « « o« o o o o o o o o o o o o o s o o o o o« » 177

Maintenance Techniques SUNMATY . . . « « « « o « o o o o o« o o« o 179 E

L

SPACE SHUTTLE REFURBISHMENT « + « o « o o o o o o o o o o o o o o o« « . 181 F
CONCLUSIONS AND RECOMMENDATIONS » = « + o o o o o o o o v o v v o o o« . 194 ‘
REFERENCES + « v o v o o o o o o o e o o e e e e e e e e e e e e e e a e w196 E

APPENDICES - A - Maintenance Task Schedule . . . . e e e e s e e e s o« o A-]
B - Tools, Equipment, and Materials for Ablator Panel
Assemblies 64T020003 and 64T020007 . . . . . B-1
C - Tools, Equipment and Material for HCF Panel Assemblles
64T020004 and 64T020008 . . « « ¢« « + ¢« ¢ s o« o o « + o« « C1

powEy m

EFFECTIVE PAGES
Title

iii through ix

1 through 196
A-1 through A-120 ﬁ

B-1 through B-2

Ty,

C-1 through C-2

iv

o —



L LIST OF FIGURES

Fq Figure Page
H 1 Pi-Strap Fastener Attach Concept + « « « o« ¢« « & o« + &+ « « « « 13
2 Multiple Mechanical Fastener Attach Concept . . . . « + . . . 15

3 Key/Keyway Attach Concept . « « « o o o o o« o o o« o o o« o o « 17

4 Direct Bond Attach Concept . . « « + ¢ ¢ o ¢+ ¢ o o « o « « « - 19

5 Integral Tank Orbiter Primary Structure Arrangement . . . . . 20

I 6 TPS Panel Attach Concept . « « « ¢ o o o o o o o 2 s o o o o+ o 22
b 7 NASA Full Scale Mockup Configuration . . . . . . . . . . . . . 23
8 TPS Panel Installation Assembly . . . . « ¢« « « « ¢« « « « « « 25

[ 9 TPS Panel Support Assembly . . . « ¢ « ¢ o ¢ o o ¢« « o o o o o 27
o 10 TPS Panel Support Assembly . « « o« &+ « o « o« « o o o o o +« « « 28
b 11 Ablator Panel Assembly - Pi-Strap Attach . . . . . . . . . . . 29
. 12 Ablator Panel Assembly - Pi-Strap Attach . . . . . . . . . . . 31
{ 13 HCF Panel Assembly - Keyway Attach . . . . . « « ¢« ¢« + « « . . 32
j 14 HCF Panel Restraints . . . . . &
15 HCF Panel Assembly - Keyway Attach T )

16 HCF Panel Gap Profile . . . +« « ¢ v &« v o o ¢« o o « o « o o« 37

17 HCF Panel Gap Requirements . . « + « « « &« ¢ o « « o« « +« « o« . 38

18 HCF Joint Comparison . . . . . . . . 1

1 19 Ablator Panel Assembly - Multlple Fastener Attach . . . . . . 42
f 20 Ablator Panel Assembly — Multiple Fastener Attach . . . . . . 43
b 21 HCF Repair Panel Assembly . & « « « ¢ v v o o o o o o« « o . 44
N 22 Simulated Panel Edge Members . . . 0. e e e e e e .. 45
[ 23 40 x 70 Ablator Panel Assembly Modiflcatlon O ¥ |
i 24 Final Display Configuration . . . . . . + ¢« « « ¢ « « « « . . A48
25 Final Display Configuration . . « « « « « « « « « ¢« ¢« » o+ o o 49

; 26 Final Display Configuration . . « « « ¢ & « « « « o o « o « « 49
f 27 Ablator Material Mixers . . « « « « o« & ¢ o o o & « o« « « « « 51
28 Hobart Mixer . . . . e e . - VA

. 29 Single Cell "Y"—Type Honeycomb Spllce S X |
ﬁ 30 Double Sawtooth — Double Lap Honeycomb Crush Splice . . . . . 33
B 31 Test Panel No. 1 v v ¢« ¢ o &« o o ¢ o o o o o o o o o « o « « « D56
32 Ablator Support Panel Processing Flow Diagram e+ e s e s .« 57

. 33 Support Panel Layup . . .. o e . . . . 59
oo 34 Honeycomb Layup For 51 x 178 cm (20 x 70 in. ) Support Panel . 59
35 Vacuum Bag Setup For A 51 x 178 cm (20 x 70 in.) Support Panel 60

i 36 Support Panel Drill Template . . . O </
e 37 Potting Attach Holes With GLOM—ON—RT B ¥
t 38 Ablator Heat Shield Processing Flow Diagram . . . . . . . . . 63
) 39 Ablative Heat Shield Layup « « « « + o « o « o« o o « o « « . . 64
P 40 Texture Of Mixed 80/20 Ablator Material . . . . . . . . . . . 66
L 41 Filling Honeycomb Cells With Ablation Material . . . . . . . . 68
. 42 Campaction Of Ablation Material Into Honeycomb Cells . . . . . 68

[ 43 Cured Heat Shield Assembly . . + « &+ + ¢« &+ « « « o + « o « « « 69
o b4 Trimming Panel Overburden . . . S
45 Trimming Edges Of Ablator Assembly Y A

46 Finished Ablator Assembly . . « « « o ¢« ¢ « o o « « o « « « « 10




Figure : Page g

47 Tapered Hole Drilling Tools . . . T
48 Drilling Tapered Holes In Ablator Panel e e e e e e e e e e s T2
49 Trimming Ablator Plug Hole . . . Y A
50 Molded Silicone Elastomeric Gasket « e e o . 74
51 51 x 89 cm (20 x 35 in.) Ablator Pi-Strap Panel Assembly e o« 14
52 51 x 178 cm (20 x 70 in.) Ablator Pi-Strap Panel Assembly . . 75
53 102 x 89 em (35 x 40 in.) Ablator Multiple Mechanical Fastener
Panel Assembly . . . . Y
54 102 x 178 em (40 x 70 in. ) Ablator Multiple Mechanical &
Fastener Panel Assembly . . . . . +« + v ¢ 4 v & « v v v o o . 76 E
55 Pi-Strap Tooling FIXEUTE . . + + + & + & 4 & 4 ¢« o o o o o o . 76 "
56 Pi-Strap Tooling Fixture . . . Y ¥4
57 Pi-Strap Layup And Ablative F111 leture e e e s s e s s« o . 18
58 Pi-Strap Assemblies . . . e 4 e 4 e e 4 e e s a e s . . . 78
59 Ablator Plug Fabrication Tool o e . . B 4]
60 Ablator Plug Fabrication Tool (Cross Sectlonal View) « « o . . 80 E
61 Cross Section Of Mullite~Coated Tile . . . . . « . . « . . .. 82 .
62 Mullite HCF Processing Flow Diagram . . . . . . . . . . . . . 84
63 Mullite HCF Felting Equipment . -1 B
64 Firing Of HCF Felts . . . -1 [
65 Sawing Of HCF Felts . . . ¢ v 4 v v 4 4« v v v v o v v v o« . 86 '
66 Tile Contour Machining . . . . . . . . . . . . . . . v .. .. 88
67 Tile Contour Machining Setup . . . . . « . « . + « ¢+ + . . . 88 3
68 Contour Machining . . . . + . & v v v v v v v v v v v o o+ . 89 =
69 Fitting Of Joints . . . . & © ¢ v v ¢ 4 v v v v v e v e e . . 89
70 Machined Plugs . . . T 14
71 Machined Spacer Tiles T T4
72 Assembly 64T020008 Prefit . . & v v & v ¢« v v v & v + o« o « . 091
73 Coated Tiles Prior To FITing . « «. « v v v ¢« v o o o o o « « . 92 "
74 Coated Tiles Ready ¥or Refiring . . . . . . . . . . . . . . . 92 .
75 Coated Tiles After Firing . . e e e e+ . . 93 ’
76 2.5 And 7.6 cm (1 And 3 in.) Coated Repalr Plugs e+ e s e . . 93
77 Fabrication Of Key/Keyway And Bond - On TPS Assembly . . . . . 94 {
78 Priming Of Substrate . . . « « « ¢« ¢« v ¢« v 4« v v v v v v v« . 95 13
79 Vacuum Cleaning Tiles . . . L 1
80 Applying Adhesive To HCF Tlle P 1]
81 Applying Adhesive To Support Panel . . . + « « v + v v « 4o . . 97
82 Bonding Tiles (64T020004 Assembly) . . . . v v v +v v v v o « . 97
83 Bonded Tiles (64T020008 Assembly) . . « « « + v 4 « « « +« « . 98
84 Complete 64T020008 Assembly . . . . . . .« . ¢« v v v +« « . . . 98
85 Packaged 64T020004 Assembly . . . . « ¢ ¢« v v v v v v « « « . 99
86 Core Saw Cutting Tool . « . « & & v ¢« 4 ¢ o ¢« « v « « « « « . 101
87 Trimming Of Coating . . . . « + & v ¢« ¢ v ¢ v v v v v v« . . 101 4
88 Removal Of Damaged Section . . . . . « & « &+ « v + 4+ « « . . . 101 L
89 Typical Damaged Tile . + + v v & & &« v v 4 o & & o« o « « « « . 101
90 Start Of Tile Removal . .+ & ¢ 4 & 4 4 4 4 o 4 o o o o o « « » 102 "
91 Removal Of Tile FragmentsS . . + & v o+ ¢ ¢ o o o o o o « « « « 102 4
92 Cleaned Tile ATEA . « v v v 4 & ¢« o & o o o v & o s o o o « « 102
93 Removal Of Cured Adhesive . . . . . . . v ¢ ¢« v & « o « « . . 102 ,
vi

o



Figure Page

frih
[
b

94 Application Of Adhesive To Support Panel . . . . . . . . . . . 103

E 95 Application Of Adhesive To Replacement Tile . . . . . . . . . 103

[ 96 Replacement Tile Bonded In Place . + « « « v « o & « + + « « . 103

97 Sample Maintenance Task Schedule . . . . . . « « « . . . . . . 105

7 98 Sample Maintenance Task Schedule . . . . . . . . . . . . . . . 106

x 99 Test Setup + v « + & & ¢ o« & o o« o . e e e e e . . 108
100 Installation Of An Ablator Multiple Fastener Attach Concept

Heat Shield Assembly (102 x 178 cm (40 x 70 in.)) . . . . . . 114

101 Ablator Plug Removal . . . +© « & & & v 4 & 4 o o 4 o o « o« . . 118

102 Damaged Ablator Plug Holes . . . . N B

103 Installation Of Ablator Panel Assembly e e e e e e s s e . . . 128

104 Installation Of Pi-Strap Assembly . . . . . . . . . . . . . . 128

105 Key/Keway Attach Mechanism . . . . . . + v « v v v « v « o . . 137

106 Operational Sequence Of Installation . . . . . . « . « . . . . 137

. 107 HCF Key/Keyway Spacer Installation . . . . « . . . . . . . . . 138

Ef 108 HCF Spacer Mounting Plugs . . +« + &+ ¢« & ¢ « & & o« & « « « . . 138

' 109 Damaged HCF Coating . . . T A

110 Damage To Basic HCF Materlal e

111 Repaired HCF Tiles . . + & ¢ v v ¢ v 4 4 4 « v v o o o o« « o« . 145

112 Removal Of HCF Tile . . . ¢« v v v v v v 4 v v v « o o o « « . 148

113 Replacement Of HCF Tile . . . e e e e e e e s e e 4 e e o« . 148

e 114 Scheduled Removal And Replacement Attach Concept Comparison . 168

{ 115 Unscheduled Removal And Replacement Attach Concept Comparison 169

116 Typical Ablator Panel Damage . . «. « &« « &+ « « « o o « « « . . 176

- 117 HCF Tile Support Fixture . . . . . + ¢« 4 v ¢« v v v « +« « « . . 180

i 118 Key Space Shuttle Milestones . . . . « « v v v « & « + « « . . 182

L 119 Space Shuttle Traffic Model . . . . . . . . . . + . . . . . . 182

120 TPS Maintenance Flow Diagram . . . . + « + « « « « &« « + + . . 183

121 Landing-To-Launch Turnaround Cycle . . . . . . . « « « . . . . 184

122 Representative Orbiter Geometry . . . . . . . . « . . . . . . 185

123 Orbiter Temperatures (Maximum) . . . . . +. « + + &« « « « . . . 186

- 124 Orbiter TPS Distribution . . + v & v v & v v ¢ 4 o o « v « . . 188

vii



Table

10

11
12
13
14
15
16
17
18

19
20

21
22

23
24

25

Maintenance Task Function Summary .

Task Function

Install
Install
Remove And Replace

Ablator Plug Hole
Repair
Remove

Remove

Install (Final
Display)

Asgembly (Heat
Shield To Support
Panel)

Assembly (Heat
Shield To Support
Panel)

Install

Install

Remove And Replace

Ablator Heat Shield

Remove

Remove

Install (Final
Display)

Install (Final
Display)

Install

Remove And Replace

HCF Coating Repair .
HCF Material Repair

Removal

Install (Final
Display)

Remove And Replace

LIST OF TABLES

Heat Shield Type

Ablator

Ablator

Ablator

Ablator

Ablator

Ablator

Ablator

Ablator

Ablator

Ablator
Ablator
Ablator

Repair .

Ablator
Ablator
Ablator

Ablator

HCF
HCF

Attach

Concept

Multiple
Fastener
Multiple
Fastener
Multiple
Fastener
Multiple

Multiple
Fastener
Multiple
Fastener
Multiple
Fastener
Pi-Strap

Pi-Strap

Pi-Strap
Pi-Strap
Pi-Strap

.

Pi-Strap
Pi-Strap
Pi-Strap

Pi-Strap

Mechanical

Mechanical

Mechanical

Fastener

Mechanical

Mechanical

Mechanical

Key/Keyway
Key/Keyway

Key/Keyway
Key/Keyway

Bond

115

116

117

120

121

121

123

124

125

126
127
129

. 131

132
133
134
135

136
140

142
144

145
146

147

PO

g



P

Table

26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Task Function Heat Shield Type

Attach Concept

Install Ablator Key/Keyway
Remove And Replace Ablator Key/Keyway
Remove Ablator Key/Keyway
Inspection Ablator & HCF As Noted

Ablator Multiple Mechanical Fastener Attach Concept
Ablator Pi-Strap Attach Concept . . . . « « . . .
HCF Key/Keyway Attach Concept . . « + & v o & . .
Ablator Key/Keyway Attachment Concept . . . . . .
Ablator Multiple Mechanical Fastener Attach Concept
Ablator Multiple Mechanical Fastener Attach Concept

Ablator Pi-Strap Attach Concept . « « « « « « « .
Ablator Pi-Strap Attach Concept . . . . . « . . .
HCF Key/Keyway Attach Concept . « v « v o « « « .
Ablator Key/Keyway Attachment Concept . . . . . .
HCF Direct Bond Attach Concept . . . . . . . . .

Scheduled Removal And Replacement Maintenance . .
Unscheduled Removal And Replacement Maintenance .
Repair Summary . . « v « v v v ¢ 4 4 4 v 4 e 0w
Inspection (Quality Assurance) Scheduled Removal An
Inspection (Quality Assurance) Unscheduled Removal
Final Inspection Comparison . . « +« . « «. . . . .
Non-Charred Ablator Cost Data . . « « o« & o & o &
Charred Ablator Cost Data . . . « o o+ o o o o« & &
HCF Key/Keyway Cost Data « « « « o o o o o o o o .
HCF Direct Bond Cost Data . v & & o o« o o o o o .
Non-Charred Ablator Cost Data . « « o « o o o . .
Maintenance Labor Cost Comparison « « « « « o« o .
Maintenance Labor Cost Comparison . . « « . . . .

ix

.
- .
. .

and

Page

149
150
151
152

155
156

. 158
. 158
. 160

160
161

. 162

163
163
165

. 166

. . . . . .

- . . . . .

d Replacement .

Replacement

167
171
172
172
173
189
190
191
192
195
196
197



| S [EAPEIRL | JERSRINASS [E——




% FINAL REPORT - Phase IT

Refurbishment Cost Study of the
B Thermal Protection System of a Space Shuttle Vehicle

By D. W. Haas - McDonnell Douglas Astronautics Company - East

SUMMARY

In this document the labor costs and techniques associated with the refur-
bishment (or, more precisely, the maintenance) of representative thermal protec-
: tion system (TPS) components and their attachment concepts suitable for Space
g Shuttle application are defined, characterized, and evaluated from the results
‘ of an experimental test program. This program consisted of designing selected

TPS concepts, fabricating and assembling test hardware, and performing a time
_ and motion study of specific maintenance functions of the test hardware on a
b full-scale mockup. Labor requirements and refurbishment techniques, as they
relate to the maintenance functions of inspection, repair, removal, and replace-
ment were identified.

e

To show the possible impact and variation of TPS refurbishment on opera-
tional program costs, a representative Space Shuttle vehicle was configured and
cost analyzed. Techniques for performing the various refurbishment maintenance
operations were analyzed by examining shop procedures (i.e., handling, tooling,
‘ equipment, materials, etc) used during the installation, inspection, repair,

. and replacement of TPS components. For the most part, all procedures employed
were state-of-the-art. It should be noted, however, that certain tools and
equipment used in the test program would require considerable improvement if

i used on an actual space vehicle. The major problem areas associated with these
él procedures, the designs to which they were applied, and the ways in which the
problems affected the test data are described in detail. Among the most perti-
nent problems noted were handling, gaskets between joints, repair techniques,
preparation of adhesive and surface coatings, contamination, tapered cutting
tools, fastener removal tools, and plugs.

; R

The test program was limited to the investigation of ablative and non-
ablative nonmetallic~type TPS. Each TPS concept was composed of a heat shield,
support panel, and associated attachment hardware. The term heat shield as
- applied here refers, in the case of an ablative system, to the combination of
j an elastomeric material (NASA 80/20 mix) in a phenolic glass honeycomb core,

' bonded to a phenolic glass facesheet. The nonablative-nonmetallic heat shield,
o more commonly referred to as reuseable surface insulation (RSI) and/or hardened
= compacted fibers (HCF) is characterized by a layer of rigidized inorganic
b fibers. The TPS attachment methods investigated included the pi-strap and mul-

tiple mechanical fasteners for ablative-type heat shields, and tle key/keyway
i and direct bond attach concepts for the HCF-type shield. At the time the
C panels were designed one of the candidate orbiter configurations being studied
had a modified trapezoidal body cross section thus only flat panels of each
(o concept were considered.



The goal in fabricating these assemblies was to produce low-cost, dimen-
sionally acceptable components. In accomplishing this task every attempt was
made to keep the fabrication techniques as simple as possible by using minimal
tooling. All TPS component parts were fabricated at the McDonnell Douglas
Astronautics Company -~ East (MDAC-EAST) facility located in St. Louis, Missouri.
To make best use of equipment and labor skills, ablative TPS and support struc-
ture components were fabricated in the production shops, while HCF panels were
fabricated in the advanced material fabrication shops. Completed assemblies
were then shipped to the National Aeronautics and Space Administration - Langley
Research Center (NASA-LRC), Hampton, Virginia, for subsequent testing.

The test bed used in the program was a full-scale mockup, furnished by
NASA-LRC. It served to simulate, in configuration only, a portion of a space
vehicle's primary structure (such as a propellant tank wall). The major portion
- of the mockup featured a cylindrical segment with an approximate 18.53-square
meter (200-square foot) plan form area. Tubular links in a post arrangement were
used to support transverse panel support beams some distance from the simulated
primary structure. The TPS panels which were then attached to these support
beams by means of mechanical fasteners served to simulate the outer moldline of
the vehicle. The mockup was positioned to simulate the bottom surface of the
vehicle and consequently all panels were removed and replaced in an overhead
position.

The actual testing phase of the program consisted of a time and motion
study of specific maintenance functions for each of the TPS concepts noted
previously. Historically, human performance evaluation methods have been re-
stricted to one-shot visual observations, direct interviews with participating
personnel, checklists, and questionnaires. Realizing that such methods were
not adequate for evaluating tasks as complex as Space Shuttle TPS maintenance,
video tape monitoring equipment was employed. By use of a video tape recorder,
we were able to capture and retain the entire test as a permanent record so
that it could be viewed as many times as necessary, permitting a detailed
analysis of particular refurbishment operations.

The overall objectives of the test program were to resolve key design and
cost uncertainties associated with the installation, inspection, removal,
replacement, and repair of representative TPS panels. Specifically, the objec-
tives of each individual test were:

to determine and resolve problems involved in the initial installa-
tion, removal, and replacement of components (particularly with
regard to handling, positioning, and attaching and removing
fasteners)

to establish procedures and equipment requirements for the mainte-
nance tasks associated with installation and inspection of the panels

to establish procedures and develop techniques for repairing the
TPS panel on the vehicle under operational field conditioms.

g
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The possible operational refurbishment situations analyzed are best classi-
fied as scheduled and unscheduled maintenance. Scheduled maintenance, as
defined here, would involve those refurbishment activities associated with
vehicle maincainability after the vehicle has experienced its normal flight
environment(s). This, in the case of ablator-type TPS, would normally occur
after each flight. However, in the case of HCF-type heat shields, scheduled
maintenance would normally take place only after a number of flights because
the anticipated use life of the HCF material is greater than one flight (i.e.,
up to 100 flights).

Unscheduled maintenance, on the other hand, involves the numerous possi-
bilities of removal, replacement, repair, and inspection that would be required
prior to flight-environment exposure. Those activities which would affect
unscheduled maintenance include, but are not necessarily limited to, handling,
transportation, prelaunch operations, aborts, etc. It was not the intention of
this study to cite or analyze all the possibilities which might occur in th-~
maintenance of a vehicle's TPS, but rather to give enough basic information
concerning refurbishment so that the reader can understand his own particular
situations and formulate estimates of similar or related systems.

Total scheduled removal and replacement task duration time and manpower
requirements for each of the various concepts considered are as follows:

TPS ATTACH CONCEPT TASK DURATION ACTIVE PRODUCTIONZTIME
TIME MHR/M2 (MHR/FT ")
HR/MZ (HR/FT2)

Ablator Key/Keyway 0.492 (0.046) 0.753 (0.070)
Ablator Pi-Strap 0.516 (0.048) 1.001 (0.093)
Ablator Multiple 0.527 (0.049) 1.173 (0.109)
Fastener

HCF Key/Keyway 0.764 (0.071) 1.248 (0.116)
HCF Direct Bond 6.370 (0.592) 10.954 (1.018)

These data represent a situation based on the assumption that the TPS has
gone through an entry environment which has rendered the heat shield assembly
not reuseable, necessitating replacement. In the case of the ablator multiple
fastener attach concept, the support panel, under scheduled maintenance condi-
tions, would remain on the vehicle. Access to internal equipment in this
instance would not be possible unless the support panel was removed. In both
the ablator pi-strap and ablator and HCF key/keyway attach concepts, both the
heat shield and the support panel would come off the vehicle at the same time.
The time required to remove the heat shield from the support panel in these
latter concepts is not included, since this function would probably take place
at a later time and possibly at a different location. Replacement in all cases
would be either with new or reconditioned TPS components.




The values quoted for the scheduled maintenance cases are based on the
removal and replacement of a series of panels of the same design. In the case
of the ablator multiple fastener attach concept, it involves three 102 by 89-
centimeter (40 by 35-inch), and three 102 by 178-centimeter (40 by 70-inch)
panels. For the ablator pi-strap attach concept, five 51 by 89-centimeter (20

by 35-inch), and five 51 by 178-centimeter (20 by 70-inch) panels were involved.

In the ablator and HCF key/keyway attach concept, nine 51 by 5l-centimeter

(20 x 20-inch) panels were considered. It should be noted that the ablator
key/keyway attach concept values are based on extrapolation of test data, since
this configuration was not tested in the program. Also, values shown for the
HCF direct bond approach were taken to be equal to one-third of those shown for
the unscheduled HCF direct bond approach. The reasons for these extrapolations
are fully discussed in the main body of the report.

Total unscheduled removal and replacement task duration time and manpower
requirements for each of the various concepts considered are as follows:

TPS ATTACH CONCEPT TASK DURATION ACTIVE PRODUCTIVE
TIME TIME
HR/M2 (HR/FT2) MHR/M2 (MHR/FT2)

Ablator Multiple 0.549 (0.051) 1.237 (0.115)
Fastener

Ablator Pi-Strap 0.667 (0.062) 1.410 (0.131)
Ablator Key/Keyway 1.474 (0.137) 2.152 (0.200)
HCF Key/Keyway 3.411 (0.317) 5.800 (0.539)
HCF Direct Bond 19.110 (1.776) 32.861 (3.054)

These data represent situations in which a random TPS panel would be
removed and replaced prior to flight for one, or a combination, of the follow-
ing reasons:

damage has occurred to the basic heat shield and/or support panel
access to internal insulation or equipment is required
damage has occurred to TPS support structure.

The figures cited above give the requirements for removing and replacing
a selected heat shield assembly surrounded by similar components of the same
design. In this instance, the primary difference between the scheduled and
unscheduled situations lies in the boundary conditions between panels at the
time of removal and/or replacement. In the case of the scheduled removal and
replacement exercise, successive removal of the panels is made easier by the
elimination of one or more edge constraints of the previously removed panel.
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On the other hand, during the unscheduled maintenance situation (as cited
herein), panels must be removed or fitted in place between adjacent panels (with
all four edges of the panel coming into play).

Using the aforementioned test data, a representative Space Shuttle con-
figuration was analyzed for both an all-ablative TPS vehicle, and an vehicle
employing a combination of HCF and ablative heat shields. The analysis was
based on the use life of a single vehicle having a 100 flight 1life. The analysis
was parametric in nature. That is to say various use-life estimates of the
heat shield material and percentages of the vehicle TPS area refurbished during
scheduled and unscheduled maintenance were assumed.

The results of this analysis show that the average $/flight to refurbish
a vehicle can range anywhere from approximately $5000 to $50,000. From the
analysis it is clearly evident that of the variables considered, use-life of
the heat shield material is by far the most significant. Current state-of-
the-art ablators have for the most part a use-life of one flight. However, if
the ablator material does not experience temperatures above 672°K (750°F) it
is assumed that its use-life could be extended to 100 flights.

The current goal in the development of HCF is to have a use-life of at
least 100 flights. If such a goal is obtained the use of HCF, in combination
with a removable panel attach concept, could prove to be most cost effective
from a maintenance labor point of view. If, on the other hand, the HCF is
bonded directly to primary structure, then ablator panel attach concepts
become competitive with HCF even though the ablators have a limited use-life
(of one flight).

In order to fully evaluate the impact of maintenance labor costs on total
program costs, one must consider both material replacement and manufacturing
costs of the hardware, and TPS development costs. Since ablator replacement
requirements will be much greater than those of HCF and because of the differ-
ence in use life, ablator replacement costs will have to be substantially lower
than those of HCF in order for the two systems to be competitive. As stated
previously, ablators are for the most part state-of-the-art and it is antici-
pated that their development costs for Shuttle application would be low. HCF,
on the other hand, is a relatively new material and has yet to be proven as a
viable heat shield system. Consequently, development costs are expected to be
considerably higher than for ablators.

It was not the intention of this study to consider all the factors invol-—
ved. Thus, one can see that numerous trade studies must be performed before
the optimum TPS can be configured and released to hardware status. With the
data gathered in this program one of the missing links in the chain of param-
eters, namely refurbishment labor costs, has been clearly identified. This
information, along with related data from other studies, should provide a good
data base from which future program costs associated with Space Shuttle TPS
can be predicted with greater confidence.




INTRODUCTION

A significant factor affecting the economic feasibility of a Space Shuttle
is the achievement of low operational costs for the thermal protection system
(TPS). To attain these cost goals, it is necessary to achieve minimum TPS
refurbishment costs or, more precisely, minimum TPS maintenance costs. Labor
costs assoclated with inspection, repair, and replacement represent areas where
cost predictions are limited. Economical development of TPS requiring easily
performed, routine inspection, and a minimum level of unscheduled repair and
replacement, will occur only if those refurbishment activities involved are
identified and related to appropriate system design features before the designs
are committed to production. Resolution of key design and cost uncertainties,
if achieved early, could have a major impact on NASA's current and future
Space Shuttle activities.

Since recent studies have shown that maintenance labor costs are particu-
larly sensitive to TPS design, refurbishment techniques should strongly influence
the selection of the baseline Shuttle TPS. Unfortunately, not all aerospace
companies agree as to the magnitude of the maintenance labor costs involved,
since there is no historical data to use as a reference.

The most efficient method of resolving key problems is through experimental
examination of specific refurbishment tasks on actual or simulated hardware.
Thus, a useful program is aimed at two objectives. The first is to examine
those TPS concepts exhibiting desirable individual characteristics insofar as
minimizing refurbishment activities. The second is to screen those concepts
which, when combined in an experimental program, cover the full spectra of
anticipated refurbishment problems.

In the spring of 1970, the need for such a program was recognized by the
National Aeronautics and Space Administration - Langley Research Center (NASA-
LRC), which subsequently sponsored a funded contract to investigate TPS refur-
bishment. A "Refurbishment Cost Study of the Thermal Protection System of a
Space Shuttle Vehicle" was initiated by NASA-LRC and performed by the McDonnell
Douglas Astronautics Company - East (MDAC-EAST) under contracts NAS 1-10093
(Phase I) and NAS 1-10990 (Phase II).

Study objectives were:
identification of labor costs associated with inspection, repair,
and replacement of TPS components suitable for Space Shuttle

orbiter application

development of techniques for performing a variety of refurbishment
or maintenance operations.
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Phase I of the study was performed over an eight month period beginning in
June of 1970. Detailed results and a summary of Phase I activities are con-
tained respectively in NASA Reports CR-111832 and CR-111833. During Phase I,
labor costs associated with inspection, and with scheduled and unscheduled
maintenance (i.e., repair and replacement), of representative Space Shuttle TPS
were identified, evaluated, and characterized on an analytical basis. TPS con-
sidered included ablative, metallic, and nonablative-nonmetallic heat shields.
In particular, Phase I consisted of defining primary load-carrying structural
arrangements (Task 1), defining TPS attachment techniques (Task 2), generating
operational labor cost estimates (Task 3), evaluating design and cost uncertain-
ties (Task 4), designing TPS component parts for a full-scale mockup, and
formulating a detailed experimental test plan (Task 5).

Following the submission of the Phase I final report and NASA's review of
the MDAC-EAST-proposed experimental test program, a Request for Proposal L32-
1929, dated 7 May 1971, was issued by NASA-LRC for implementation of Phase TII
of the study. On 1 July 1971 MDAC-EAST was awarded a contract to implement
Phase II. The individual experimental test plans developed under Task 5,
Phase I, with modification and options proposed by NASA, formed the baseline
statement of work for Phase 1II.

This document presents the results of the Phase II effort. Specifically,
Phase II consisted either of modifying existing TPS panel designs given in NASA
CR-111832 or of generating new TPS configurations based on suggested NASA-LRC
inputs (Task 1), fabrication and assembly of selected TPS components suitable
for use on a full-scale mockup (Task 2), monitoring specific maintenance task
functions simulating operational procedures (Task 3), and evaluating these main-
tenance task functions from both cost and technique standpoints (Task 4).

TPS chosen for detailed investigation included the pi-strap and multiple mechan-
ical fastener attach concept for ablative-type heat shields and the key/keyway
and direct bond attach concept for the nonablative-nonmetallic-type heat shield
(more commonly referred to as hardened compacted fibers (HCF)). The design,
fabrication, and test evaluation portions of the program were performed at the
MDAC-EAST facility, St. Louis, Missouri, while experimental testing was conduct-
ed at NASA-LRC, Hampton, Virginia.

Mr. D. W. Haas, Study Manager, was responsible for overall technical
direction of the study. In support of the study manager, other members of the
McDonnell Douglas engineering staff, included V. M. Gerler (Deputy Study
Manager), F. R. LeTrello, W. K. Lee, G. Johann, and J. R. Cadieux.

Mr. G. C. Olsen, of the Materials Division, Langley Research Center,
Hampton, Virginia, was the NASA Technical Monitor for the study.

The units used for the physical quantities defined in this report are
given in both the International System of Units (SI) and the U. S. customary
units. TFactors relating the units of these systems are given in reference 6.



PHASE I OVERVIEW

During Phase I, the maintenance labor costs associated with inspection,
repair, and replacement of representative TPS components for Space Shuttle
orbiter application were identified, evaluated, and characterized on an analyti-
cal basis. TPS considered included ablative, metallic, and nonablative-
nonmetallic heat shields. 1In particular, Phase I consisted of defining primary
load-carrying structural arrangements, and suitable TPS attachment techniques,
generating operational labor cost estimates, evaluating design and cost uncer-
tainties, designing TPS component parts for a full-scale mockup, and formulating
a detailed experimental test plan.

In examining and defining primary and support structure for the various TPS
concepts, indications are that structural components have little, if any, effect
on scheduled TPS maintenance when the externally removable panel concept is
employed. This assumes that the deflections experienced by the primary and sup-
port structure under repeated loading conditions are always within design limits,
and that surface continuity is maintained. Any adverse loading conditiomns which
would tend to distort the structure could complicate panel removal by binding
mechanical fasteners or joint overlapping features. This would require unsched-
uled maintenance, the analysis of which is unpredictable in a "paper" study. The
arrangement of primary and support structure does not seem to dictate the TPS
type and attachment method required. Properly designed, the primary and support
structure can accommodate a variety of approaches so that replaceability/
interchangeability of panels can be accomplished with nominal effect on the
refurbishment cycle.

Certain TPS attachment methods evolved as prime candidates for Space Shuttle
application. These include multiple mechanical fasteners and pi-straps for
ablative heat shields; a key/keyway concept for the nonablative, nonmetallic
heat shields; and flush fasteners and pi-straps for metallic heat shields.

The most critical design aspects concerning feasibility and maintenance of
heat shield attachment are the joints and seals between adjacent panels. Incom-
patibilities exist because, on the one hand, gaps between panels must be pro-
vided to allow for the normal panel expansion and contraction under various
environmental extremes. Yet these same gaps have to be minimized, if not
eliminated, to prevent the inflow of hot boundary layer gases and water. Gaps
are required for a variety of conditions, the most critical of which are attri-
butable to cryogenic tank shrinkage, primary structure thermal gradients, body
deflection during booster separation, panel expansion during entry, and manu-
facturing tolerances.

The problem of joints and seals is not as acute with some types of heat
shields as with others. In the case of ablative heat shields, elastomeric-type
seals provide sufficient flexibility to solve the problem. For metallic heat
shields the problem is approached by overlapping the panels. However, for the
HCF heat shields the problem is more critical due to the expansion, contraction,
and brittle characteristics of the material. In this instance, the goal of the
designer is to provide a joint and/or seal which is compatible with the
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anticipated use-life of the basic heat shield material (i.e., 100 flights) to
minimize refurbishment. Elastomeric seals, in this case, have limited applica-
tion because of their low reusability. Overlapping the joints (with or without
other high strength/temperature metals or ceramics) in combination with various
stepped geometries is a possible solution.

,..‘,._,,‘

The results of Phase I clearly indicate that maintenance labor costs are

‘*j primarily sensitive to the type and method of attachment of the particular TPS
0 being considered. Depending on the concept employed and projected use life of
the TPS materials, variations in labor costs of two orders of magnitude were
predicted for a representative Space Shuttle flight program (i.e., 445 flights
over 10 years). Probably the most significant factor affecting refurbishment
labor costs is panel size. Indications are that labor costs per unit area de--
P crease as panel size increases, whereas elapsed time requirements per panel

P increase as panel size increases. For removal and replacement of the ablative
and HCF heat shield systems, there appears to be little cost advantage in refur-
bishment of panels greater than 1.9 square meters (20 square feet). In the case
of metallic heat shield systems the break-even point seems to be between 3.7 and
H 5.6 square meters (40 and 60 square feet). The degree of uncertainty in these
cost estimates lies in the exact tradeoffs involved between the number of men
and the quantity of support equipment needed to handle and install a panel as
the panel increases in size. Since no spacecraft built has employed a signifi-
cantly large panel (i.e., greater than 51 by 51 centimeters (20 by 20 inches))
maintenance data is limited, if not nonexistent.

Uncertainties exist concerning fastener installation and removal, the latter
appearing to be the more critical operation. In the case of an ablative or HCF
; heat shield system, fastener removal involves, first, locating the fastener and,
¢ secondly, removing either the used or conditioned insulating material down to a
depth which exposes the mechanical fastener, allowing its subsequent removal.
Fastener location may or may not be a serious problem. If the technique of
using small pilot holes in the insulating material proves to be a workable scheme,
removal will be relatively straightforward. However, if, after exposure to a
thermal environment, these holes become obscure due to the products of ablation
or fusing of the coatings, complications could arise which would involve time-
consuming and costly refurbishment techniques. Depending on the number of
fasteners used, this could make a particular attachment concept noncompetitive.
Unfortunately, there is not sufficient data available to assess the severity of
this problem. 1In the case of metallic fasteners the problem also exists, but
with potentially less severity. Here the problem consists of coatings flowing

into the attach points, causing fasteners to freeze up and making removal more
difficult.

Another critical problem area involves making panel repairs while the panel
is still attached to the vehicle. Such repairing may range from reconditioning
surface scratches to complete material replacement. The ability of the mainte-
nance crew to inspect the damaged part, assess the degree of repair necessary,
and make the repair hinges on the location of the damage on the vehicle and on
the tools and equipment needed. Such tools could range from light hand tools to
complicated assembly fixtures. The advantages of in-place repair is that it
eliminates or minimizes the time-consuming removal of a complete panel assembly.
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In those instances where accurate cost estimation was difficult, or where
technical or practical feasibility of a concept was questionable, detailed
experimental plans were developed to resolve uncertainties. These plans call
for fabrication and experimental testing of selected TPS component parts for a
full-scale mockup at NASA-LRC during Phase II. Included in these plans were
component part quantities, number of personnel, personnel skills, experiment
procedures, measurement and equipment requirements, schedules, and costs.

The most efficient method of resolving key problems is through experimental
examination of specific refurbishment tasks on actual or simulated hardware.
The test program outlined in Task 5 was aimed at examining those concepts which
exhibit desirable individual characteristics, in minimizing refurbishment acti-
vities associated with future Space Shuttle maintenance, or those concepts which

(when combined in an experimental program) cover the full spectra of anticipated
refurbishment problems.

PHASE II PROGRAM

This section describes, in detail, Phase II activities accomplished and
results obtained. In general, Phase II was an experimental test program involv-
ing the investigation of refurbishment activities associated with representative
Space Shuttle TPS. Included are:

a statement as to the individual objectives and scope of Phase II

a description of TPS concepts investigated

a discussion of the overall test program, considering TPS component
design, fabrication and assembly of test components, test conduct,
and test data results

refurbishment analyses of test data

test data applicability to Space Shuttle refurbishment.
OBJECTIVES AND SCOPE

The individual objectives of Phase II were to:

design selected TPS components suitable for installation on the
full-scale mockup (designed and built for NASA-LRC)

fabricate and assemble TPS components

perform specific refurbishment operations of TPS components on the
mockup

eétablish labor requirements and evaluate refurbishment techniques

10
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as they relate to the maintenance functions of inspection, repair,
o and replacement.

The experimental test program proposed under Task 5, Phase I, of NASA
CR-111832 served as the baseline approach for the work performed during Phase
II, except as modified in certain instances by NASA-LRC. The test program was
limited to the investigation of ablative and nonablative-nonmetallic-type TPS.
Each TPS concept was composed of a heat shield, support panel, and associated
attachment hardware. The term "heat shield" as applied herein, in the case of
an ablative system, refers to the combination of an elastomeric material in a
phenolic glass honeycomb core, bonded to a phenolic glass facesheet. The
L hardened compacted fibers (HCF) heat shield is characterized by a layer of
rigidized inorganic fibers. TPS attachment methods investigated included the
pi-strap and multiple mechanical fasteners for ablative—-type heat shields, as
well as key/keyway and direct bond attach concepts for the HCF-type heat shield.
Detailed descriptions of these TPS concepts are presented in succeeding sections
1 of the report. Metallic TPS and their methods of attachment (e.g., flush
L fastener and pi-strap) were not investigated because projected refurbishment
i labor costs for a representative Shuttle vehicle were extremely low and the cost
differential involved in refurbishment, between concepts, was insignificant (see
figure 36 of NASA CR-111832).

Since the results of Phase I indicated that panel size might be a signifi-
1 cant refurbishment parameter, various size panel assemblies were tested during
| Phase II. In the case of the ablator pi-strap attach concept, panel sizes of
approximately 51 by 89 centimeters (20 by 35 inches) and 51 by 178
7 centimeters (20 by 70 inches) were examinea, wnile, for the ablator multiple
i;f mechanical fastener attach concept, panel sizes were approximately 89 by 102
i centimeters (35 by 40 inches) and 102 by 178 centimeters (40 by 70 inches). For
the HCF direct bond attachment approach, tile sizes for the HCF were held to
25.4 by 25.4 centimeters (10 by 10 inches) while for the HCF key/keyway attach

approach the panel assemblies were approximately 51 by 51 centimeters (20 by 20
inches).

In general, the test program consisted of investigating various refurbish-
ment activities of the four individual attachment concepts, concluded by a final
- layup of the test panels on the mockup for display purposes. The individual
P tests were intended to monitor the initial installation, initial inspection, -

{ removal and replacement of a simulated damaged panel component, repair in place
(on mockup) of a simulated damaged heat shield, and removal of a series of each
P representative TPS panel design. The ultimate objective of each test was to
b assess the individual maintenance task functions in terms of number of manhours,
elapsed time, equipment, and techniques required to perform a specific refur-
bishment activity. Due to the complexity and costs involved in environmental
simulation, all tests were conducted without subjecting the panels to entry
heating conditions.
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TPS CONCEPTS

In selecting TPS concepts for detailed refurbishment testing and analysis,
two primary objectives were considered:

to select concepts with desirable individual characteristics to mini-
mize refurbishment activities associated with future Space Shuttle
maintenance

to select concepts which, when combined in an experimental program,
cover the full spectra of anticipated refurbishment problems.

To satisfy the first objective, concepts were chosen on the basis of low-
cost refurbishment potential and applicability to near-future Space Shuttle use.
The second objective was met by selecting concepts which encompassed a
variety of approaches, permitted examination of significant refurbishment prob-
lems; and provided the most data for the least cost.

It should be noted that the TPS concepts presented herein are not neces-
sarily based on identical unit weights or minimum weight conditions. Thus, a
particular concept which shows a low refurbishment cost potential may not repre-
sent the minimum weight design, or vice-versa. This is not to say that weight
is not an important design consideration; however, weight optimization was not
one of the goals of this study.

Ablator Pi-Strap Concept

One of the concepts considered in the study was the ablator pi-strap attach
concept shown schematically in figure 1. The essential elements of the design
are the ablator heat shield, support panel, and pi-straps.

The ablator heat shield consists of a fiberglass honeycomb core bonded to a
plastic laminate facesheet with a hard film adhesive. The plastic laminate con-~
sists of a thermosetting resin-impregnated woven glass fabric. The cells of
the honeycomb core are filled with a mixture of phenolic microballoons and sili~
cone elastomeric resin. The thickness of the ablator matrix varies according to
the thermal environment. To the ablator side of the facesheet, standard steel
bolts (metal studs) with enlarged hex heads are bonded to the surface with a
room~temperature-cure paste adhesive. The bolts are arranged in a grid pattern
whose spacing requirements is determined by differential pressure conditions
between the heat shield and the support panel. Around the edges of the ablator
heat shield, a molded elastomeric gasket is bonded with a room-temperature-cure
silicone elastomeric adhesive. Gaskets are provided between adjacent heat shield
panels to prevent the inflow of water and hot boundary layer gases into panel
joints. These gaskets must not only seal the joints but must be sufficiently
flexible to allow for normal panel contraction and expansion under environmental
extremes.
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In the pi-strap concept, the support panel is designed to withstand local
aerodynamic and panel inertia loads only. Several types of construction can be
employed, such as sandwich and stiffened skin structures. For purposes of
illustration, a sandwich-type construction is cited. 1In this case, the support
panel would consist of a fiber glass phenolic honeycomb sandwich made of a
hexagon-shaped core, bonded between plastic laminate facesheets with a hard film
adhesive. Holes are drilled in the honeycomb sandwich to match the bolts located
in the ablator heat shield. Local support for the ablator heat shield bolts in
the support panel is accomplished by filling the area around the holes with a
room~temperature-cure paste adhesive/potting compound. During final assembly,
the ablator heat shield and support panel are joined by attaching a washer and
nut to the protruding bolts on the underside of the support panel.

In this concept the combined ablator heat shield/support panel assembly is
attached to a panel support beam by means of a I-shaped retainer. The pi-strap
assemblies are formed by bonding a fiber glass honeycomb core to a metal extru—
sion, with a hard-film adhesive, and filling the honeycomb cells with the ablator
compound (a technique similar to that used for the primary ablator panel con-
struction). With the support panel resting on a support beam, the pi-shaped
retainer is positioned over the lip of the support panel along two edges and
firmly attached to the panel support beam by mechanical fasteners. S$ills support
the other two edges of the panels. After installation of the mechanical faste-
ners, the holes in the ablator are filled with premachined ablator plugs which
are bonded in place with a soft silicone elastomeric adhesive.

Ablator Multiple Fastener Attach Concept

Another ablator heat shield panel considered in this study was the multiple
mechanical fastener attach concept shown schematically in figure 2. The
essential elements of the design are the ablator heat shield and support panel.

The ablator heat shield and support panel for this concept are identical
with those same components noted in the ablator pi-strap attach concept discuss-
ed previously. The heat shield is a fiber glass honeycomb core/plastic face-
sheet composite, filled with a mixture of phenolic microballoons and silicone
elastomeric resin, while the support panel is a honeycomb sandwich-type con-
struction. Molded elastomeric gaskets are also bonded to the edges of the
ablator heat shield.

The method of attachment between the ablator heat shield and support panel
is similar in principle to that employed in the pi-strap concept, except for the
installation of the mounting bolts which mate the two components. In the multi-
ple mechanical fastener approach, the mounting bolts are inserted through pre-
drilled holes in the ablator composite and secured to the support panel by means
of threaded inserts imbedded in the substrate. The bolt heads are encased in
the ablator composite and bear against the heat shield facesheet.

The ablator heat shield is attached to the support panel after the support
panel is secured to the TPS support structure. The support panel is first
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attached to lateral hat sections of the TPS support structure by flush~head
screws. The ablator heat shield is then positioned on the support panel and
securely fastened with the bolts. After installation, the holes in the ablator
composite are filled with ablator plugs which are bonded in place in a manner
similar to that employed for the pi-strap concept. A slight gap is provided
between the bottom end of the ablator plug and bolt heads to facilitate removal
of the ablative plug material and to provide subsequent access to the bolt head
during refurbishment.

HCF Key/Keyway Attach Concept

The HCF key/keyway attach concept considered in this study is shown sche-
matically in figure 3., The essential elements of the design are the HCF
tiles, support panel, key/keyway attach mechanism, and spacer.

The HCF heat shield material is characterized by a layer of rigidized
inorganic fibers formed into tiles. These, in turn, are bonded to a support
panel with a room~temperature-cure silicone elastomeric adhesive. The edges of
each tile are stepped-machined, as shown. Two intersecting edges of each tile
are machined with the extended lip along the outer (top) surface of the tile,
while the opposite edges have the extended 1lip along the inner (bottom) surface.

The support panel for this concept is again, for purposes of illustration,
a honeycomb sandwich~type structure. The sides of the panels are provided with
solid L-shaped edge members. At the lower surface of each edge of the panel,
where two adjacent panels intersect, a silicone "0" ring is provided to prevent
(primarily) water intake. Temperature at this location is expected to be low
enough to permit acceptable gasket reuse.

The HCF tiles/support panel composite is supported and attached along two
opposite edges by a key/keyway mechanism. The keyway, or female part, having a
channel cross sectional area, is attached to opposite edges of the support
panel. A rail shaped key, the male part (which also serves as the panel support
sill), is attached to the TPS support structure and spaced to mate the panel
keyways. Intermittent notches are machined into the key and keyways, allowing
the panel to drop over the key, after which the panel is moved along the key
approximately 1.8 centimeters (0.75 inch) to achieve a mechanically attached
assembly.

A longitudinal spacer is positioned after every second or fourth panel,
allowing selected panels to be removed without requiring removal of a series of
panels starting at the end of a row. Each spacer is secured to the TPS support
structure by mechanical fasteners. The fasteners are inserted through pre-
drilled holes in the HCF spacer tiles., After attachment, the holes are filled
with prefitted plugs made of HCF.
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HCF Direct Bond Attach Concept

The second HCF-type heat shield concept investigated in this study was the
"direct bond" approach, shown schematically in figure 4. Essential elements
of this scheme are the HCF tiles and support structure.

In the three previously-discussed TPS concepts (i.e., ablator pi-strap
attach, ablator multiple fastener attach, and HCF key/keyway attach) the exter-
nally removable, nonprimary-load-carrying panel scheme was depicted. In the
case of the ablator designs, the heat shield (i.e., ablator mix/honeycomb core/
facesheet composite) was assumed to be discarded after each flight; the only
directly reuseable component would, therefore, be the support panel. In the
case of the key/keyway attach approach, panels in need of replacement or bench
repair would be removed from the vehicle and returned to the factory either to
be refurbished or replaced with new components. In these concepts the whole
Space Shuttle need not be involved during the entire TPS refurbishment cycle.

A somewhat different approach is taken in the '"direct bond" process. 1In
the "direct bond" concept, it is assumed that the heat shield panel (or, in
this case, HCF tiles 25.4 by 25.4 centimeters (10 by 10 inches)) are bonded
directly to the primary-load-carrying structure of the vehicle, which, of
course, 1s not removable. Refurbishment, in this instance, would involve
removing (e.g., grinding, scraping, sanding, etc.) the heat shield material
down to the bond line. Extreme care must be exercised so as not to damage the
skin of the primary structure and adjacent tiles during the removal operation.
After removal of the HCF material and the initial adhesive, replacement HCF
tiles are bonded in place. A prescribed amount of pressure must be applied to
the tile while the adhesive is curing.

TEST PROGRAM

The most efficient method of resolving key design and cost uncertainties is
through experimental examination of specific refurbishment tasks on actual or
simulated hardware. The test program described in succeeding paragraphs did
just that by:

providing detailed design drawings of TPS components suitable for
fabrication

fabricating TPS components, using, in some instances, actual
flight-quality materials and construction, while in other
instances using fully acceptable substitutes

performing refurbishment tasks on a full-scale mockup employing
standard operational maintenance procedures

evaluating the test data by the latest time and motion techniques.
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FIGURE 4 DIRECT BOND ATTACH CONCEPT

General Mockup Configuration

The basic intent in the design of the test fixture used during this program
was to simulate, as closely as possible, the structural arrangement of a repre-
sentative Space Shuttle orbiter configuration. One of the leading candidates at
the time the test program was proposed was a fixed-wing reuseable vehicle shown
in figure 5. This integral propellant tank approach was considered by
MDAC-EAST during the NASA Phase B Space Shuttle study.

The primary body structure of this wvehicle is made up of upper longerons
adjacent to the payload bay, and the propellant tank structure below the payload,
the two joined by the fuselage side skin panels as shown in figure 5. The
integrally stiffened cylindrical tank shells are joined by a common keel web in
a double-bubble arrangement., Longitudinal and circumferential stiffeners are
outside the shell, presenting a smooth inner wall for insulation attachment.

The integral stiffened tank shell carries a combination of overall body bending,
shear, and axial load, in addition to internal tank pressure and hydrostatic
pressures due to vehicle acceleration. The side panels are single-skin-

stiffened by corrugations and supported by frames spaced at approximately 51-
centimeter (20-inch) intervals.
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In generating the test plan for Phase II, it was decided to examine the
refurbishment aspects of the lower portion of the fuselage. TPS panels on the
lower fuselage are attached to beams supported off the tank shell stiffening
s rings by support posts spaced equidistantly across the fuselage (as shown in
L figure 6). Drag links are attached to stabilize the beams longitudinally,

i TPS panels are supported by the beams in the manner shown.

The full-scale mockup, supplied by NASA-LRC, is shown in figure 7. It
served to simulate, in configuration only, a portion of the vehicle primary
structure, such as the propellant tank wall. The major portion of the mockup
B features a cylindrical segment with an approximate 18.58-square meter (200-

f square foot) plan form area. The cylinder segment is of a sandwich type con-
struction, consisting of 0.6-centimeter (0.25~inch) facesheets mounted to seven
12.7 centimeter (5-inch) deep channels, equally spaced on the periphery. On

the outer surface of the sandwich 14 additional channels are provided to attach
i TPS support structure. Each end of the simulated tank wall structure is trunion
mounted, at the midchord, to an A-frame structure. A drive mechanism rotates
the section and can be used to simulate vehicle fuselage positions (i.e., top,

side, and bottom). All test data obtained during the program was taken with
the mockup positioned to simulate the bottom surface of a Space Shuttle vehi-
cle. Thus all maintenance tasks were performed in an overhead position. It
was assumed that working in a overhead position would be more strenuous and
time consuming than working on either the sides or top surface of the vehicle.
Thus test results would be representative of the worst working conditions.
However, if personnel are not allowed to walk on vehicle surfaces (i.e., top
b surface of wings) but forced to work in a prone position from platforms extend-
ing across the surface, the test data obtained may be somewhat optimistic. No
I; manipulation of the test data was made to account for this set of circumstances.

o i

R

TPS Configuration Design

The design portion of Phase II consisted of preparing detail drawings of
TPS component parts suitable for fabrication. Component parts included selected
TIPS panels and associated attachments, the support structure between TPS panels
and the basic mockup, and TPS panel arrangement and mockup installation.

The specific drawings generated during the design phase of the study include:

DESCRIPTION FIGURE NO.

|

) TPS Panel Installation Assembly (64T020001) 8

i TPS Panel Support Assembly (64T020002) 9
Ablator Panel Assembly - Pi-Strap Attach (64T020003) 11

. 21
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FIGURE 6 TPS PANEL ATTACH CONCEPT

13

HCF Panel Assembly - Keyway Attach (64T020004)
Ablator Panel Assembly — Multiple Fastener Attach (64T020007) 19

HCF Repair Panel Assembly - Direct Bond Attach (64T020008) 21

Simulated Panel Edge Members (64T020009) 22

22

e P

ey



,,.,_4._.._«

,‘V__s..—_.\

[P

FIGURE 7 NASA FULL SCALE MOCKUP CONFIGURATION

Ablator Panel Assembly Modification (64T020010) 23
Final Display Installation (64T020011) 24
Details of each drawing are discussed below.

TPS Panel Installation Assembly (64T020001).- The general arrangement
selected for installing the four different TPS panel concepts (described pre-
viously) on the full-scale mockup is shown in figure 8. "As illustrated the
ablator pi-strap attach panels were located on one end (right side) of the mock-
up, while the ablator multiple mechanical fastener attach panels were located
at the opposite end (left side). Both the HCF key/keyway attach panels and the
HCF repair panel were also tested on the left end of the mockup, after the
ablator multiple mechanical fastener attach concept testing was accomplished.

By testing the ablator multiple mechanical fastener attach concept first, the
machined attach keys for attaching the HCF key/keyway attach concept could be
riveted permanently to the panel support structure in the same location. This
meant that all of the four TPS concepts could be installed on the mockup for
final display purposes except for two 102 by 178-centimeters (40 by 70-inch) and

one 102 by 89~-centimeters (40 by 35-inch) ablator multiple mechanical fastener
attach panels.

In addition to showing the arrangements for the different TPS panels, fig-
ure 8:

23



identifies the individual panels, straps and spacers required for
each test setup

defines all the interfaces between panels and the simulated panel
edge members

defines the attach bolt hole patterns

calls out the specific attaching hardware required (i.e., anchor
nuts, bolts, screws, etc) and associated torque requirements

identifies all the simulated panel edge members and their
associated attach methods

specifies the adhesive required for the ablator and
HCF plugs.

TPS Panel Support Assembly (64T020002).- In simulating the TPS support
structure of the orbiter design described previously, the panel support assem-
bly (figures 9 and 10) uses tubular links in a post arrangement to locate the
TIPS panels at the moldline some distance from the basic mockup structure. The
panels are supported by 6.9-centimeter (2.7-inch) wide hat section beams made
from 1/4 hard 301 stainless steel 0.08l-centimeter (0.032-inch) thick. Twelve
of these hat section beams, 305 centimeters (120 inches) in length, laterally
span the mockup and are spaced at 50.8-centimeter (20-inch) intervals. The
total area available for panel installation was 17.2 square meters (185 square
feet). ’ - :

Although the various panel attach concepts allowed the width of the hat
section beams to vary, a constant width was selected to keep manufacturing cost
to a minimum. The hat section beams were supported off the mockup structure by
2.54-centimeter (1.0-inch) diameter tubular posts of various length, made from
4130 steel (0.089-centimeter wall thickness) (0.035-inch). One end of these
tubes was flattened so the tubes could be attached readily to the web of the

laterally~oriented support channels on the mockup. Drag struts were attached to

the hat section beams and mockup support channels for longitudinal stability.
These tubular drag struts were designed as two-pilece assemblies, one tube fit-
ting inside the other, to allow the post supports to be raised or lowered in
order to hold the hat section beams in a common horizontal plane. The material
and wall thickness selection for these struts, as well as for the other parts,
was based primarily on in-house availability rather than on specific load
requirements. Lateral stability was provided by the hat section beam support
posts located in the middle of each beam. These support posts are attached to

the mockup support channels through a triangular base plate, which is welded to

the tubular post.

Ablator Panel Assembly -~ Pi-Strap Attach (64T020003).- Conceptually, this

design consists of an ablator heat shield assembly, a support panel assembly and
a pi-strap assembly. The heat shield assembly is bench-assembled to the support

assembly with mechanical fasteners, thus forming an integral ablator panel

assembly, which is installed by placing the composite against the panel support
beams and positioning pi-strap assemblies over the protruding lip of the support
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FIGURE 10 TPS PANEL SUPPORT ASSEMBLY

panel assembly along opposite sides. The pi-strap assemblies are then firmly
attached to the panel support beams. An alternate approach to this design
would consist of bonding the honeycomb filled ablator directly to the support
panel assembly instead of assembling these units together with mechanical
fasteners.

The ablator heat shield assembly, defined in figure 11, consists of a
2.54-centimeter (1.0-in®h) thick elastomeric resin-filled honeycomb core, bonded
to a 0.05~centimeter (0.02-inch) fiber glass facesheet. The honeycomb core is
compoged of 0.953-centimeter (0.375-inch) hexagon-shaped cells, having a density
of 35.24 milograms per cubic meter (2.2 pounds per cubic foot). The facesheet
material consists of two plys of 0.025-centimeter (0.010-inch) thick glass fabric
(designated 2209-1581, class D, Type I). Core-to-facesheet bonding was accom-
plished with HT 432 film adhesive. The agblator material contains a mixture of
phenolic microballoons and silicone elastomeric resin, and is designated as
NASA's 80/20 blend (i.e., 80 parts by weight of phenolic microballoons to 20
parts by weight of elastomeric resin). A molded silicone elastomeric gasket
made of General Electric's CE 5205 material having a Shore hardness of 16 (A-
scale) was bonded to the edges of the ablator heat shield assembly with Dow
Corning DC 3145 adhesive. The cross section of this gasket was 1.27 centimeters
(0.50 inch) wide and 2.54 centimeters (1.00 inch) thick. By designing the
panels for an interference fit and subsequently compressing the gaskets, elimi-
nates any gaps due to manufacturing dimensional variations. This gasket pro-
vides some degree of water tightness and restricts hot-boundary-layer-gas entry
between adjacent panels. Three rows of fasteners (i.e., 3M9-3-12 bolts) having
enlarged hex heads are bonded (with GLOM-ON-RT adhesive) to the fiber glass
facesheet. When assembling the heat shield assembly to the support panel
assembly these bolts protrude through the support panel assembly. The bolts
were spaced approximately 27.94 centimeters (11.0 inches) on center. Two
different size ablator heat shield assemblies were configured, one measuring
45.97 by 177.8 centimeters (18.10 by 70.0 inches), and the other 45,97 by 88.9
centimeters (18.10 by 35.0 inches).
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The support panel assembly is a fiber glass phenolic honeycomb sandwich.
The honeycomb core, facesheets, and bonding material used in construction are
identical with that used in the ablator heat shield assembly, The width of the
support panel assembly was 1.80 centimeters (0.71 inch) wider than the ablator
heat shield assembly, thus providing a lip that overlaps the pi-strap assembly
during installation. After counterboring the honeycomb sandwich and filling the
cavity with GLOM-ON-RT adhesive, .714 centimeter (0.281-inch) diameter holes are
drilled through this area to match the bolt holes in the ablator heat shield
assembly. On final assembly the ablator heat shield assembly and support panel
assembly are joined by attaching a washer and nut to the bonded bolts pro-
truding through the support panel assembly. The two sizes of support panels
configured were an 47.78 by 88.65-centimeter (18.81 by 34.90-inch) panel and an
47.78 by 177.29-centimeter (18.81 by 69.80-inch) panel.

The pi-strap assembly is made of an aluminum base machined into the shape of
a pi (r) and a 2.39-centimeter (0.94-inch) thick ablator composite. The NASA
80/20 ablator mix was embedded into a fiberglass honeycomb core, which was bonded
to the metallic pi-shaped retainer with HT-432 adhesive. For attaching the pi-
strap assembly to the mockup, four slotted holes, spaced at 27.5l-centimeter
(10.83~inch) intervals, were machined in the pi section, while tapered holes
were machined in the ablator material. The tapered holes were large enough to
allow the head of the attaching fastener to bear against the machined pi-strap.
The strap assemblies were initially designed to be 4.95 centimeters (1.95 inches)
wide and 88.9 centimeters (35.0 inches) long; however, because the panel gaskets
were bonded on in a cocked condition, the total width of the straps was
increased by 0.25 centimeter (0.10 inch) at the outer surface and then tapered
toward the center to coincide with the width, 4.95 centimeters (1.95 inches),
of the metallic pi-shaped retainer.

A total of five 51 by 89-centimeter (20 by 35-inch) and five 51 by 178-
centimeter (20 by 70-inch) ablator panel assemblies were produced for test. To

install these 10 panels on the mockup, 18 pi-strap assemblies were required;
however, an additional 6 pi-straps were ordered as spares. The 10 ablator panels
and 18 pi-strap assemblies were arranged and installed on the mockup as shown in
figure 12, The pi-strap assemblies which hold the panels in place were attached
to the mockup with AN3-13A bolts, as specified on the detailed installation
drawing (figure 8). After installation of the mechanical fasteners, the holes
in the ablator were filled with ablator plugs which were bonded in place with

DC 3145 adhesive. Two different size ablator plugs were used during the testing
phase. One was a prefit plug designed to fit the tapered holes without any post
trimming, and the other an oversized plug which had to be trimmed after the
adhesive had cured.

Different size plugs were used for several reasons. In order to minimize
refurbishment, prefit plugs were the most desirable; however, it was not known
whether hole and/or plug tolerances could be kept close enough to prevent them
from exceeding the allowable mismatches. Secondly, after drilling out plugs,
the holes in the ablator heat shield might be oversized, and prefit plugs would
no longer provide a satisfactory fit. Oversized plugs would thus be used in
this case to compensate for the mismatches.
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FIGURE 12 ABLATOR PANEL ASSEMBLY - PI STRAP ATTACH

HCF Panel Assembly - Key/Keyway Attach -(64T020004).- The HCF panel assembly,
designed to be compatible with the previously-described key/keyway attach con-
cept, is shown in figure 13. This design features four 2.54-centimeter (1.0-inch)
thick HCF tiles, bonded to a 0.953-centimeter (0.375-inch) thick fiberglass
support panel with Dow Corning DC 93-046 adhesive. A solid support panel
instead of a honeycomb sandwich-type construction was selected in an effort to
reduce manufacturing time and cost. Each HCF tile is approximately 25.4 by 25.4
centimeters (10.0 by 10.0 inches) with all edges step-machined to give an over-
lapping effect, not only between adjacent panels but also between adjacent tiles.
Two intersecting edges of each tile were machined with the extended 1lip along the
outer (top) surface of the tile, while the opposite edges have the extended lip
along the inner (bottom) surface. The stepped tiles were so arranged that the
intermittently located spacer assemblies can be removed readily, allowing
selected panels along the lateral rows to be removed without disturbing panels
in adjacent rows. The support panels from edge to edge measured 51.24 by 51.52
centimeters (20.175 by 20.285 inches). Edges were designed to provide a nominal
0.343-centimeter (0.135-inch) overlap with the adjacert panels, and adequate
surface for bonding on the water tight seals. These silicone rubber seals had
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FIGURE 15 HCF PANEL ASSEMBLY — KEYWAY ATTACH

minimized, if not eliminated, to prevent the inflow of hot boundary layer gases
and water. A representative gap profile for a Space Shuttle orbiter with
integral cyrogenic propellant tanks is shown in figure 16. Gaps are caused by

a variety of conditions, the most critical being cryogenic tank shrinkage, pri-
mary structure thermal gradients, body deflection during booster separation,
panel expansion during entry, and manufacturing tolerances. Actual gap require-
ments vary with gap orientation (i.e., lateral versus longitudinal) as shown in
figure 17.

Methods of solving the gap problem vary, depending on the type of heat
shield system employed. 1In the case of ablative heat shields, gaskets made from
silicone elastomeric-type materials, having the same mechanical and thermal pro-
perties as the basic ablator material, provide sufficient flexibility and response
characteristics to solve the problem., The same difficulty is designed for in the
case of metallic heat shields either by overlapping or by tongue and grooving
panel edge members with the same material as the basic metallic panel. However,
in the case of the HCF type heat shield, requirements exist which require
special consideration. In this instance a joint and/or seal must be provided
which is compatible with the anticipated use life of the basic heat shield
material (i.e., up to 100 flights) in order to minimize refurbishment. Elastomerie
seals have limited application because of their low reusability. Therefore, in
the case of HCF-type heat shields, overlapping the joints with other high
strength/temperature metals or ceramics, or incorporating various stepped
geometries, appear to be feasible solutions.

In an effort to explore the possibilities involved, a conceptual design

study was undertaken to determine alternate approaches to the design of adjacent
panel joints for the HCF key/keyway panel attach scheme. The results of this
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FIGURE 16 HCF PANEL GAP PROFILE

investigation are presented in figure 18. As noted, eight different approaches
were generated. They include: flat plate overlap; angle shape overlap; spring
seal; spring seal with gasket; substrate overlap; substrate overlap with seal;
fibrous packing; and retained fibrous packing. Under the column labeled "design
concept' are schematic diagrams of the joint concepts as they might appear for
actual (or flight-quality) hardware, independent of attachment method. In the
adjacent column, labeled "proposed test panel configuration,'" are schematics of
the joint concepts in relation to the key/keyway attachment scheme. As shown,
each joint concept was evaluated with regard to pertinent design parameters as
an aid to NASA-LRC in their selection of a single concept for further detail
design and test. 1In the column labeled "delta weight increase'" the term "small"
or "large" is referred to in the relative sense only, with regards to a straight
butted joint, and is not based on quantitative data substantiated by analysis.

Concept 1 (flat plate overlap) is the same concept as that proposed
under Task 5 in NASA CR-111832. 1In this scheme the restriction of the inflow of
hot boundary layer gases and moisture into the joint is provided by overlapping
metallic shingles. These shingles are mechanically attached on the outer surface
of the HCF tiles by screws which fasten into the substrate. As presently con-
ceived, these shingles would be made of a coated refractory metal. The main
advantage of this concept is the curtailment of gas and moisture environments
close to the source and at the extremity of the joint. Disadvantages include
the existence of local heat shorts by way of the screws, and the differential
expansion and/or contraction of dissimilar materials.

Concept 2 (angle shape overlap) is similar in principle to concept 1. The
overlapping principle is accomplished by angle shape members, possibly made of
such materials as carbon/carbon and coated refractory metals, which are attached
at the interface of the substrate below the bondline. Although the heat short
problem still exists, it can be minimized by scalping the base of the angle at
the junction with the substrate. To effect a more indirect path for hot
boundary layer gas inflow, a contoured joint in the HCF tile could be provided
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o PANEL SIZE - 51 CM x 51 CM (20 IN. x 20 IN.)
o FUELED CRYO TANK TEMPERATURE (~184.4°C (~300°F))

LATERAL JOINT ] N
o CRYO TANK SHRINKAGE + PRIMARY STRUCTURE THERMAL GRADIENT 0279 0,110 -i
o BODY DEFLECTION DURING BOOSTER SEPARATION 0.091 003 3
o MANUFACTURING TOLERANCE 0.076 0,030

REQUIRED NOMINAL GAP (ROOM TEMPERATURE) 0.446 0.176

LONGITUDINAL JOINT -
o TILE EXPANSION DURING REENTRY (AT 982°C (1800°F)) 0.203 0,080 L
o MANUFACTURING TOLERANCE 0.076 0,030

REQUIRED NOMINAL GAP (ROOM TEMPERATURE) 0.279 0.110

FIGURE 17 HCF PANEL GAP REQUIREMENTS

(as shown in concepts 3 through 6). This type of joint is undergoing extensive
thermal evaluation in another NASA study (Contract No. NAS 9-12082) currently
being performed by MDAC-EAST. From what has been learned to date, joint
contouring is not sufficient in itself and must be backed up by other restrictive
devices.

One such secondary restrictive device is proposed in concept 3 (spring
seal). In this concept a metallic spring seal is provided in the substrate below
the gap. This spring seal (which is permanently attached to the edge of one
panel) presses against the edge of an adjacent panel, thereby sealing the joint.
At this location, temperatures in the joint should be minimal, thereby permitting
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the employment of more conventional metallic materials. Should the expected
temperatures at this location be above the limit for use of conventional metals,
additional protection could be provided by inserting a fibrous gasket in the gap
just above the spring seal (shown in concept 4, spring seal with gasket). The
bottom end of the gasket would be permanently attached to the loop end of the
spring seal to ensure positive retention of the gasket in the gap under all
environmental conditions. (A possible problem is that the addition of this
gasket may complicate refurbishment.)

The least complicated of all the joint concepts is concept 5 (substrate
overlap). In addition to the contoured joint in the HCF tile, a right-angle
stepped interface is provided in the panel substrate. The inflow of hot gases
is minimized by a close-tolerance fit between adjacent panels at the interface.
An important feature of the concept is that it provides a built-in venting system
which may, or may not, be an advantage. Several drawbacks of the concept are
that it does not provide an absolutely positive restriction for the intake of
moisture, and may incur a higher weight penalty than the other concepts.

The moisture problem is solved in concept 6 (substrate overlap with seal),
in which a silicone "0" ring is provided between the panel substrate stepped
interface. The one drawback of the concept is that it will not permit positive
vehicle venting. If this concept is employed, venting provisions must be
provided elsewhere on the vehicle.

Concepts 7 and 8 (fibrous packing and retained fibrous packing) employ the
use of a soft high-temperature refractory insulation (i.e., alumino-silicate) in
the gap between the HCF tiles. These concepts are predicated on the assumption
that the fibrous packing will regain its original shape after repeated compres-—
sion cycles. In conggpt 7 the fibrous packing is inserted into the butt-type
joint after the panels are installed on the vehicle. Refurbishment would consist
of merely digging out the unwanted insulation and replacing it with new packing.
Thus, no positive retention of the insulation in the gap would be provided, its
main drawback. An alternate approach is provided in concept 8, in which the soft
insulation is permanently retained by one edge of the HCF tile interface. At
present, the maximum life cycle of such packing material is unknown.

After review of the joint concept analysis by NASA-LRC, concept 6 (substrate
overlap with seal) was selected for detail design incorporation into the key/
keyway panel attachment scheme defined earlier and detailed in figure 13.
Selection of this joint concept was based on the following considerations:

capability of preventing the flow of both hot gas and moisture
through the substrate

capability of reducing radiation and gas flow heating in the joint
system reusability
design simplicity and cost effectiveness

state-of-the-art materials.
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Ablator Panel Assembly - Multiple Fastener Attach (647020007) .— The ablator
multiple mechanical fastener attach panel assembly consisted of two major sub-
assemblies: the ablator heat shield assembly, and the support panel assembly.
Other than size, the only major difference between this design and the ablator
pi-strap attach concept is in the method of attachment. In this design the
support panel assembly (less the ablator heat shield) is first attached to the
vehicle (or, in this case, to the mockup). The ablator heat shield assembly is
then attached to the installed support panel assembly.

The ablator heat shield assembly, shown in figure 19, is constructed of
a 2.54-centimeter (1.0-inch) thick elastomeric resin-filled honeycomb core
bonded to a 0.051-centimeter (0.020-inch) fiberglass facesheet. Materials and
construction method used are identical with those used for manufacturing the
ablator pi-strap heat shield assemblies. As in the previous design, silicone
elastomeric gaskets are bonded around the periphery of the ablator material.
In the 102 by 89-centimeter (40 by 35-inch) ablator heat shield assembly, 16
attach holes, located in 4 rows (with the rows spaced at 30.76-centimeter
(12.11-inch) intervals and with 26.59 centimeters (10.47 inches) between holes)
are machined through the facesheet. Tapered holes, mating with the attach
holes, are machined in the ablator material. These holes allow the head of the
attach bolts to bear against the facesheet. For the larger 102 by 178-centi-
meter (40 by 70-inch) ablator heat shield assembly, there are 28 attach holes,
with the spacing between rows and holes being essentially the same as for the
102 by 89-centimeter (40 by 35-inch) panel. Four tapped aluminum spacers
were bonded to the facesheet, one in each corner, to allow handling lugs to be
attached. These lugs help during removal of the ablator heat shield assembly
from the mockup, should the need arise. After installation, the tapered holes
in the ablator over thgie spacers are filled by bonding tapered ablator
plugs.

The support panel assembly is a double-faced honeycomb core sandwich con-
struction, with 0.051-centimeter (0.020-inch) thick facesheets. The honeycomb
core is identical with that used for the ablator heat shield assemblies. Two
different size support panel assemblies were configured, measuring 101.17 by
88.65 centimeters (39.83 by 34.90 inches) and 101.17 by 177.29 centimeters
(39.83 by 69.80 inches), respectively. The SL601-3-8S inserts, mating the
attach hole pattern machined in the ablator heat shield assemblies, were potted
in the support panel assemblies for attaching the ablator heat shield assemblies
to the support panel assemblies. After counterboring and filling in the
counterbored areas with GLOM-ON~-RT adhesive, 15 and 27 countersunk holes were
machined through these areas for attaching the small and large support panel
assemblies, respectively, to the mockup.

The three 102 by 89-centimeter (40 by 35-inch) and three 102 by 178-
centimeter (40 by 70-inch) ablator multiple fastener attach panel assemblies
were installed on the mockup, as shown in figure 20. The installation sequence
consisted of installing the support panel assemblies with AN509-10R23 screws
and then attaching the ablator heat shield assemblies with AN3-3A bolts, as
specified in figure 8. All tapered holes in the ablator material were then
filled by bonding in the tapered ablator plugs with RIV 106 adhesive.
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FIGURE 20 ABLATOR PANEL ASSEMBLY — MULTIPLE FASTENER ATTACH

HCF Repair Panel Assembly (64T020008).- The HCF repair panel assembly
depicted in figure 21 copsists of 16 HCF tiles bonded to a stiffened aluminum
support assembly. The 2.54-centimeter (1.00-inch) thick HCF tiles, with the
overall width and length both designed to measure 26.34 centimeters (10.37
inches), had all edges stepped machined to give an overlapping effect between
adjacent tiles. Two intersecting edges of each tile were machined with a
1.02-centimeter (0.40-inch) extended lip along the outer (top) surface of the
tile, while the opposite edges have a 1.02-centimeter (0.40-inch) extended lip
along the inner (bottom) surface. All tile surfaces, except the bonded-on
side, were coated with MDAC-EAST waterproof coating formulation M25P7,

Dow Corning DC 93-046 adhesive was used to bond the tiles to the support
assembly. Spacing between tiles was 0.254 centimeters (0.100 inches). The
.254-centimeter (0.100-inch) thick aluminum facesheet, measuring 102.03 by
102.03 centimeters (40.17 by 40.17 inches), was stiffened with seven evenly
spaced channels. The 0.160-centimeter (0.063-inch) thick aluminum channels
were 2.44 centimeters (0.96 inches) high, with both top and bottom flange
checking 2.16 centimeters (0.85 inches). The HCF repair panel assembly was

. attached to the mockup with 12 AN3-4A bolts, as specified in figure 8. This

panel was located on the extreme left end of the test fixture.

Simulated Panel Edge Members (64T020009).- Wooden edge members defined in
figure 22 were machined from hard maple and installed around the periphery of
the various test panel arrangements. The edges of these members were designed
to simulate adjacent panels for the ablator pi-strap attach panel instal-
lation, the ablator multiple mechanical fastener attach panel installation, and
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